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Abstract 
(Lu1-xPrx)3Al5O12 (LuAG:Pr) is seen as a promising scintillator for positron 
emission tomography (PET) scanners due to its high density and fast scintillation decay 
time. However, the high temperatures needed to grow single crystals and limitations in 
the incorporation of Pr into LuAG crystals make transparent ceramics of this material an 
attractive alternative.  
In this work, (Lu1-xPrx)3Al5O12 powders and ceramic bodies with different Pr 
concentrations,  from x = 0.0001  to x = 0.05 were fabricated and characterized. The 
luminescence concentration quenching of LuAG:Pr powders and ceramic bodies was 
estimated by means of photoluminescence measurements. The powders show maximum 
photoluminescence intensity at dopant concentration of 0.18-0.33 at.%. Sintering of the 
pressed powder compacts at 1500°C for 20hrs in air produced a substantial increase in 
luminescence intensity along with a shift of the maximum photoluminescence emission 
intensity to lower concentrations between 0.018 and 0.18 at. % Pr. For ceramics sintered 
for short sintering times up to about 3-5hrs, it was determined that photoluminescence 
emission intensity is maximized for Pr concentrations of about 0.33 at. %. 
For a single Pr concentration of 0.18 at.%, the fabrication of LuAG:Pr ceramic 
bodies was investigated as a function of the sintering conditions, including the 
conventional one-step and the two-step sintering methods. The increase of sintering 
temperature leads to the relaxation of compressive stress, though no major effect on 
photoluminescence intensity was observed. The two-step sintering method revealed 
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decoupling of densification and grain grown at sintering temperatures above about 
1500°C. For sintering conditions of 1800/1700°C, dense ceramics with 97 + 0.2% of the 
theoretical density were obtained. 
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Chapter 1 – Introduction 
1.1 – Scintillation and the Detection of Ionizing Radiation 
 As early as Rutherford’s use of zinc sulfide to observe alpha particles in 1910, an 
event which many view as the dawn of nuclear physics, scintillators have played a pivotal 
role in the progress of modern physics and science in general. While scintillators such as 
zinc sulfide and calcium tungstate were prominent in physics laboratories throughout the 
early 1900s, several new techniques and materials used in the detection and measurement 
of ionizing radiation were developed following World War II with the rise of the atomic 
age [1]. The invention of the photomultiplier tube in 1944 by Curran and Baker allowed 
for the accurate collection and quantification of light from scintillating materials [2]. In a 
relatively short amount of time, from 1947 to 1951, scintillation had been observed in 
both organic and inorganic material and even gases, liquids, and polymers. The widely 
used scintillating material thallium doped sodium iodide (NaI:Tl) was also first 
discovered in this time span and is one of the most commonly used scintillators today [1]. 
Another period of significant progress in the discovery of scintillators began in about the 
1980s and continues to the present day, as seen in Fig. 1.    
 The combination of scintillators and photodetectors, the so called “scintillator 
counters”, are widely used for the detection and measurement of ionizing radiation. 
Scintillators can be used in handheld detectors for identification of environmental 
radiation and radioisotopes as well as in dosimeters. Security portals at airports and 
shipyards contain scintillators to detect any potentially dangerous or illicit transit of 
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radioactive materials. Scintillators find use as sensors in medical imaging devices such as 
single-photon emission computed tomography (SPECT) and positron emission 
tomography (PET) scanners as well as in the field of high-energy physics to detect 
ionizing radiation in the form of gamma rays or particles with energies of up to thousands 
of keV [3].  
 
Figure 1:  Timeline of the discovery of important inorganic scintillator materials 
throughout the 20th century [4] 
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Simply put, scintillation is the process of converting high-energy ionizing 
radiation (i.e., an X-ray or gamma-ray photon with energy >10 keV) into photons in the 
ultra violet (UV)/visible region of the electromagnetic (EM) spectrum (energies ~2-3 
eV). When divided into steps, the mechanism of scintillation can be presented as follows: 
 Absorption of ionizing radiation and the creation of an excited electron 
 Generation of electron-hole pairs from inelastic scattering of the primary 
electron with the scintillator molecules  
 Thermalization of electron-hole pairs 
 Transfer of energy from electron hole pairs to the luminescence center 
 Deexcitation with the emission of light 
There are three primary mechanisms for gamma ray interactions in matter: 
photoelectric effect, Compton scattering, and pair production.  The photoelectric effect is 
the transfer of the incoming photon energy, less the binding energy, to a single electron. 
The electron – a “photoelectron” – is emitted from one of the shells of the absorber atom 
with considerable kinetic energy. The photoelectron has less energy than the absorbed 
photon as some is used to overcome the binding energy of the electron [1]. Alternatively, 
Compton scattering can occur when a medium-energy photon interacts with an electron 
of the material by deflecting off of the electron at some angle. The photon imparts some 
of its energy to the electron – a “Compton electron” – which recoils from the collision. 
The deflected photon can go on to be deflected again or undergo photoelectric absorption 
depending on its energy. Photon interaction with the absorber through pair-production is 
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possible for photon energies ≥1.02 MeV but only becomes a dominant process at high 
energies of several MeV. A high-energy photon is completely absorbed in the presence of 
a nucleus of the absorber material and an electron-positron pair is created.  
Excited electrons will impart their energy to the absorber as they move through 
the material. Both the photoelectron and Compton electron dissipate their kinetic energy 
through inelastic collisions generating  electron-hole pairs[1]. The electron and positron 
generated through pair production lose energy through inelastic collisions until they have 
no remaining kinetic energy.  The resultant electron is absorbed into the material while 
the positron will annihilate with another electron in the material and emit two photons 
with energy of 511 keV in opposite directions [5]. The efficiency of the creation of 
electron-hole pairs is inversely proportional to the magnitude of the band gap of the host, 
while the efficiency of transport of electrons and holes through the host is sensitive to the 
presence of electronic traps [6]. As the electrons and holes lose their energy – the 
“thermalization” process – they make their way down to the bottom of the conduction 
band and rise to the top of the valence band, respectively. Eventually, an electron at the 
bottom of the conduction band recombines with a hole at the luminescent center. This 
leads to the emission of light due to the transition of an electron from the excited to a 
lower energy state of the activator [1]. Alternatively, an electron and a hole can form a 
bound pair called “exciton”, where the pair remains related to one another as they drift 
through the material. The exciton can recombine at the luminescence center leading to the 
emission of light. Many factors are detrimental to the efficiency of the scintillation 
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process including the previously mentioned electronic traps as well as de-excitement 
without the emission of radiation at the luminescence center.  
Scintillators may be of two types, depending on the nature of the luminescence 
center. An intrinsic center is one that is inherent or occurs naturally within the material, 
i.e., a specific element of the compound. An extrinsic luminescent center is a dopant 
intentionally incorporated in the material to promote luminescence, commonly Ce
3+
 and 
Pr
3+
 in modern fast scintillators. It is imperative that the energy levels involved in the 
radiative de-excitation fall within the band gap for luminescence to occur. As seen in the 
energy diagram in Fig. 2, electrons in an insulating material can occupy two distinct 
energy bands, the valence and the conduction band. The valence band contains bound 
electrons within the lattice of the crystal, while the higher energy conduction band is able 
to accommodate energetic electrons which are able to move freely throughout the 
material. Between these two bands lies a forbidden energy zone known as the band gap 
which electrons cannot occupy. Insulators are materials that present large band gap 
values of several eV and have essentially no electronic conductivity at room temperature.  
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Figure 2: Schematics of basic scintillation process (A) and of the band structure of a host 
material used in an inorganic scintillator and the scintillation process through an extrinsic 
luminescence center where ε is scintillation efficiency (B) 
 
Without intermediate energy levels in the band gap created by the dopants, electrons 
would directly de-excite from the conduction band to the valence band creating an 
inefficient process that emits a photon outside the visible light range. However, it is 
possible to incorporate dopants (e.g., Pr
3+
 substituting for Lu
3+
 in the case of Lu3Al5O12; 
LuAG:Pr) to create energy levels within the band gap. As the energy levels of the 
luminescent centers are contained within the band gap, the transition experienced by the 
de-exciting electron is of lower energy and can emit a photon with a more suitable 
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wavelength within the UV/visible spectrum that optimizes detection by photodetectors 
[7]. 
The terms scintillation and photoluminescence are easily confused and 
interchanged, however the key difference between the two is how the luminescence 
centers within the material are excited. Photoluminescence involves the direct excitation 
of the luminescent centers of the material with UV/visible photons, precisely promoting 
an electron from the ground state to the excited state followed by radiative relaxation 
through the emission of light [1]. As we have seen, scintillation is a much more complex 
process that involves the transport of electrons and/or holes, or of excitons through the 
scintillator. While not reflecting all the steps involved in the scintillation process, 
photoluminescence measurements can be used to probe the luminescence process at the 
luminescence center. By means of these measurements, the energy levels involved and 
efficiency of the luminescence process can be characterized. It is also noted that 
luminescence efficiency is particularly sensitive to the concentration of the luminescence 
center (e.g., the dopant or activator in the case of extrinsic scintillators), and the 
dependence of the photoluminescence yield on the dopant concentration of LuAG:Pr is 
investigated in this work. 
 
1.2 – Transparent Ceramics 
 A material is considered transparent if it possesses the physical property of 
allowing light to pass through it without significant scattering or absorption. Transparent 
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ceramics are attractive alternatives to single crystals including the ability to be mass 
produced inexpensively and at considerably lower temperature and shorter times than 
single crystals. This is especially important in the cases where the growth of single 
crystals involves temperatures above about 2000°C, e.g., for the Y and Lu sesquioxides. 
Also, in general, ceramics present better homogeneity of the dopant than single crystals, 
and can be fabricated with higher dopant levels unachievable with single crystals and in 
complex shapes. 
Transparent ceramics were first used as a potential laser media in the early 1960s 
with further research conducted into the 1970s. It was not until 1995, that polycrystalline 
neodymium doped yttrium aluminum garnet (YAG:Nd) was efficiently used as a laser 
gain medium. In the following decade, YAG doped with neodymium was discovered to 
surpass its single crystal equivalent in laser oscillation performance and was subsequently 
researched thoroughly throughout the 2000s [8, 9].  YAG doped with rare earth elements 
is still the most investigated ceramic laser medium, however, recently, study has begun to 
focus on other materials as well including yttrium oxide (Y2O3) and lutetium oxide 
(Lu2O3) [10]. 
 Transparent ceramic armor is used for face shields and visors, windows in 
armored vehicles, and windshields and windows in airplanes and weapons systems. In 
order to provide sufficient ballistic protection, commonly used glass armor is typically 
around 5 inches thick. This large amount of material further weighs down already heavy 
armored vehicles that are nearing their weight limits. Furthermore, as glass is relatively 
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soft, it can be gradually scratched by rocks or blowing sand over time requiring these 
expensive windows to be replaced. Transparent ceramic materials such as aluminum 
oxynitride (AlON) and magnesium aluminate (MgAl2O4) spinel are being considered as 
replacements for thick glass armor due to their high strength and hardness as well as 
optical transparency in the visible and infrared regions [10]. 
 Due to exceptional thermal and mechanical properties as well as high scratch and 
impact resistance, transparent ceramics have other applications of interest including use 
as envelopes for high temperature, focused-beam, and short-arc lamps and in lens 
systems for the growing digital camera and mobile phone markets. Transparent ceramics 
also show promise as scintillator materials. This application will be discussed in detail in 
the next section [10].    
Optical transparency in ceramics is obtained through the elimination of scattering 
centers within the material including: secondary phases, impurities, grain boundaries, 
defects, and pores. All of these structural features cause light scattering by introducing a 
sudden change in the index of refraction. Impurities and secondary phases can be 
avoided, e.g., by using high purity starting materials in stoichiometric proportions. Only 
very small amounts of intentionally added impurities known as dopants can be included 
in formulation, typically below 1 at.%, to avoid the formation of unwanted phases. Due to 
their isotropic nature, materials with a cubic lattice structure are required to avoid the 
scattering of light due to birefringence as it travel from one grain to another [11]. The 
grain boundary density can be decreased by increasing grain size, and porosity can be 
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reduced or even eliminated by promoting effective consolidation of the starting powder. 
Consolidation is achieved by a sequence of high pressure and/or high temperature 
processing steps, including cold pressing into a compact green body (e.g., cold isostatic 
pressing; CIP), sintering, and hot isostatic pressing (HIP). Even after powder is pressed 
into a compact, a green body can still contain around 50-60% porosity. For this reason, 
reduction of porosity through sintering of the compact is essential to achieve high 
densities above 95%. Since densities reaching 99.9% of the theoretical density of the 
material must be obtained to produce a transparent ceramic, HIP is commonly used after 
sintering [12]. 
 
Figure 3: Schematics of two particles joining and fusing together during a sintering 
process to form a single larger particle [12] 
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Sintering plays a crucial role in the densification of ceramic materials. It is 
described as the process of using heat to transform powder into a solid body while also 
controlling the grain size of the material. As sintering is carried out below the melting 
temperature of the material, particles are joined through a diffusion-controlled process 
without actually melting, as illustrated in Fig. 3. Atoms are transported across a grain 
boundary as the centers of two particles move towards one another until finally forming a 
single, larger particle. While additives that do melt can be included with the powder, this 
brief overview of sintering will limit itself simply to polycrystalline ceramic materials 
without sintering aids [12]. In fact, it has been shown that the use of sintering aids in 
ceramic production is detrimental to scintillation performance [13, 14]. 
 
 
Figure 4: Smaller grain being absorbed by larger surrounding grains (left) and the 
migration of atoms across the grain boundary toward the larger grain (right) [15] 
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The growth of large grains is considered favorable as there will be a decrease in 
surface area between grains and thus, a decrease in the interfacial energy. During the 
sintering process, some grains will grow and consume smaller ones. The cause for this 
grain growth is a pressure difference between the inside and outside of the grain which is 
generated by the inherently unstable nature of the grain boundary curvature. The pressure 
difference creates a change in the Gibbs free energy across the grain boundary which acts 
as the driving force to move the grain boundary towards the center of curvature of the 
grain. This grain shrinks while simultaneously growing a neighboring grain. Grain size 
can be controlled through manipulation of the sintering conditions such as temperature 
and time [12]. 
Even though substantial grain growth can be somewhat repressed through control 
of sintering temperature, grain growth to the size of 50-300µm is often experienced with 
transparent ceramics and is harmful to the mechanical properties of the material. These 
large grain sizes are a result of high sintering temperatures and densification processes 
such as HIP which are critical for achieving transparency. Continued research is 
necessary to overcome the challenge of creating transparent ceramic materials with fine-
grain microstructure [10]. Recently, a two-step sintering method was proposed to de-
couple densification and grain growth [16]. In this work, the densification of LuAG:Pr 
ceramics is investigated using conventional one-step and two-step sintering methods. 
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1.3 – Ceramic Scintillators and LuAG:Pr  
 The first transparent ceramic scintillators, rare earth (RE) doped (YGd)2O3 [17] 
and Gd2O2S [18, 19] were introduced in the mid-1980’s. These scintillators found 
enormous commercial success as radiation sensors in computed tomography (CT) 
scanners [20]. Later in the 1990s, translucent cerium-doped yttrium aluminum garnet 
(YAG:Ce) was developed as a ceramic scintillator and compared to single crystals of the 
same composition. However, the ceramic material lacked substantial stopping power for 
use in high-energy radiation detectors [21]. LuAG:Ce transparent ceramics were prepared 
by a solid-state reaction method in 2005 by Li et al. using cold isostatic pressing of 
powder compacts and a vacuum sintering technique to achieve ceramics with relative 
densities reaching 99.5% [22]. Later in 2006, Li et al. produced highly sinterable, 
nanosized LuAG:Ce powders through a co-precipitation method [23].  
 First introduced as a single crystal in around 2005, LuAG:Pr has shown promise 
in recent years as a ceramic scintillator material characterized by high stopping power, 
fast decay time of ~20ns, and three times higher light yield than BGO [14]. LuAG has a 
density of 6.73g/cm
3
 and shares the same cubic garnet structure as the previously 
researched scintillator material YAG, however the heavier lutetium atoms in place of 
yttrium provide higher atomic number leading to higher stopping power for ionizing 
radiation. Also, Pr
3+
 provides brighter light output, better energy resolution, and faster 
decay time than Ce
3+
 [24, 25]. 
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 Transparent ceramic LuAG:Pr scintillators were first reported in 2009 by 
Yanagida et al. Samples were prepared through a sintering method and compared to 
single crystals grown by the Czochralski method of the same dopant concentration of 
0.25 mol%. Transparency of ceramic samples was shown to be comparable to that of the 
single crystal counterparts by reaching 70-80% transmission of wavelengths longer than 
300nm. Fast scintillation decay times of ~20ns were recorded for the ceramic samples. 
However, even with similar optical properties, the ceramics had an energy resolution of 
12% at 662keV compared to 4.3% for the single crystal as well as half the amount of 
light yield. Yanagida et al. attribute this property to the ceramic manufacturing process 
and call for further research in optimization of the fabrication process [26].   
 Later in 2010, Yanagida et al. published further research comparing LuAG:Pr 
transparent ceramics to single crystals. Ceramics doped with Pr up to 2 mol% were 
fabricated through a sintering method and compared to Czochralski grown crystals of 
dopant concentration of 0.25 mol%. An intense 5d-4f emission from Pr
3+
 was observed at 
310nm and 370nm when excited with X-ray radiation. While still half the intensity of the 
single crystal, LuAG doped with 0.6 mol% Pr produced the highest light yield of the 
ceramic samples. Decay time was observed to become faster with increasing 
concentration of Pr dopant in the ceramic host. A decay time of ~5.7ns was recorded for 
the highest concentration 2 mol% sample [24]. 
 Transparent ceramics were later produced in 2011 that, for the first time, achieved 
higher light yield and energy resolution than their single crystal analog by Yanagida et al. 
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Precursor powders were prepared through precipitation of an aqueous solution containing 
aluminum, lutetium, and praseodymium in correct proportions followed by calcination, 
drying, pressing, sintering at 1700ºC for 20 hours, and finally post-sintering annealing. 
Through an optimized fabrication process, high quality transparent ceramics were created 
with 20% higher light yield when compared to the single crystal under gamma excitation. 
Energy resolutions of 4.6% and 5% at 622keV were found for the ceramic and single 
crystal LuAG:Pr samples respectively. The enhancement of the ceramic scintillation 
performance was attributed to the optimization of the ceramic fabrication process [27]. 
 High transparency of 80% was achieved in LuAG:Pr transparent ceramics by 
Shen et al. in 2013 through the use of tetraethyl orthosilicate as a sintering aid. However, 
even though a higher transparency was achieved, the sintering aid was found to introduce 
an element of disorder to the material due to the difference in the size of the radii with 
respect to the lattice ions. While the effects of the sintering aid would prove useful for 
laser applications, a decrease in the luminescence intensity was observed, greatly 
reducing the materials effectiveness as a scintillator [14].    
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Figure 5: An example of Czochralski-grown single crystal LuAG:Pr (1 at.%) grown by 
Ogino et al. with the formation of a secondary Pr oxide phase leading to the gradual loss 
of transparency from left to right [28] 
 
Due to excellent properties which match or even exceed that of the single crystal 
analog, LuAG:Pr ceramics prove to be an attractive material for use as a scintillator, 
particularly in medical imaging as the ionizing radiation sensor in X-ray computing 
tomography scanners and positron emission tomography scanning [14]. As shown by 
previous research, the optimization of the scintillation performance of ceramic LuAG:Pr 
is not a straightforward issue, and maximization of luminescence has been found to be 
related to the ceramic fabrication process. Also, it has also been found that the amount of 
dopant that is able to be added into Czochralski-grown LuAG:Pr single crystals is 
restricted by the solubility limit that is dependent on the dopant itself as well as the 
crystal structure of the host material. In practice, only about 0.2-0.3 at.% Pr can be 
incorporated in LuAG crystals [29] with the excess of Pr forming an unwanted secondary 
phase, as seen in Fig. 5 [30]. This limits the amount of the dopant that can be 
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incorporated to an amount commonly below the ideal dopant concentration that 
maximizes luminescence. Our research attempts to contribute to the understanding of the 
relationships amongst fabrication, microstructure, and performance of LuAG:Pr aiming at 
creating a better ceramic scintillator. In particular, this work aims at providing a more 
detailed investigation of the fabrication and luminescence concentration quenching of this 
ceramic material, as well as to investigate the possibility of obtaining higher Pr 
concentrations in ceramics than in single crystals by taking advantage of lower 
temperatures and short fabrication times. 
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Chapter 2 – Experimental Procedures 
2.1- Fabrication of Ceramics 
Starting Materials: 
 Lu2O3 (99.995%, HEFA Rare Earth Canada Co.) 
 70% Nitric Acid (Certified A.C.S., Spectrum, Gardena, CA) 
 Aluminum Nitrate (98%, Alfa Aesar, Ward Hall, MA) 
 Praseodymium Nitrate (99.9%, Acros Organics, NJ) 
 Ammonium Hydroxide (Certified A.C.S Plus, Fisher Scientific, Fair Lawn, NJ) 
 
Batches of (Lu1-xPrx)3Al5O12 powder with different Pr concentrations,  from x = 
0.0001  to x = 0.05, were obtained by a co-precipitation method [31]. A separate batch of 
powder was made for eachLu nitrate was obtained by dissolving commercial Lu2O3 in 
excess 70 % nitric acid while stirring and heating as seen in Fig. 6. Aluminum nitrate and 
praseodymium nitrate were dissolved in ultrapure water at room temperature in a separate 
beaker and added drop-wise to the stirring lutetium nitrate solution after it cooled down 
to room temperature. The specific amount of Pr doping was determined through molar 
substitution of the Lu precursor up to 5 %. The mixed nitrate solution was added drop-
wise to a solution of equal parts ultrapure water and ammonium hydroxide towards the 
precipitation of LuAG:Pr. The precipitate was allowed to stir at room temperature for 1 h 
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and then washed three times with ultrapure water and twice with ethanol before being 
dried at 60 
o
C overnight in vacuum.  
 
 
Figure 6: Lu2O3 in nitric acid at room temperature (left) and water soluble LuNO3 
produced after heating and stirring (right) 
 
Since the precipitate was found not be LuAG:Pr by means of X-ray diffraction 
(XRD) measurements, the precipitate was calcined. For calcinations, the precipitate was 
placed in an alumina boat in a box furnace, as seen in Fig. 7, ramped up to 1000
o
C with a 
heating rate of 10°C/min where it was allowed to dwell for 2hrs before ramping back 
down at a rate of 30°C/min to room temperature. Calcination was carried out in air and 
under oxygen flow to achieve the pure LuAG phase which was confirmed with XRD. 
Photoluminescence measurements revealed no difference in luminescence intensity (Fig. 
8) between both procedures, and calcination in air was adopted for the remaining of this 
work (more on photoluminescence in section 2.2.6).  
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Figure 7: Box furnace used to calcined precursor powders to achieve pure LuAG phase 
 
 
Pressed powder compact pellets with a 1cm diameter were fabricated by placing 
about 0.25 g of powder into a die which was pressed at 28MPa for 45sec using a 
hydraulic table press as seen in Fig. 9. Ceramic bodies were prepared by sintering pellets 
in a tube furnace, shown in Fig. 10, using one-step and two-step sintering methods. For 
the one-step method, samples were heated up at a ramp rate of 10°C/min up to reach the 
sintering temperature from 1400 to 1700
o
C where it was allowed to dwell for up to 20hrs 
before ramping back down at a rate of 30°C/min to room temperature. Sintered ceramic 
samples can be seen in Fig. 11. 
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Figure 8: Comparison of the effects of calcinations in air and under O2 flux on 
photoluminescence intensity using Horiba Jobin-Yvon Fluorolog Tau 3 
Photoluminescence Spectrometer and λexc=285nm 
 
 
 
Figure 9: Calcined powder pressed into powder compacts using a pellet die (left) and a 
table press (right) 
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Alternatively, prepared powder compacts were sintered using the two-step method where 
pellets were heated at a rate of 10°C/min to temperatures from 1500 up to 1800°C where 
upon once reaching this temperature, the furnace would immediately ramp down 100°C 
to dwell for 20hrs before ramping back down to room temperature at a rate of 30°C/min. 
 
 
 
Figure 10: Tube furnace used for sintering seen at room temperature (top, left) and at 
1700°C (right) 
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Figure 11: LuAG:Pr ceramics sintered at 1500, 1600, and 1700°C (left to right) for 
20hrs. 
 
2.2 – Characterization Methods 
2.2.1 – X-Ray Diffraction (XRD) 
Discovered in 1912, crystal XRD, specifically X-ray powder diffractometry, has 
become one of the most commonly used techniques for characterizing materials, 
particularly to identifying the crystalline structure.  When two X-ray beams diffracted by 
parallel crystallographic planes of a sample are in phase, constructive interference occurs 
and a peak in the intensity of the diffracted beam is observed. Constructive interference 
happens only when the following equation, known as Bragg’s law, is satisfied: 
          
where   is the wavelength of the X-ray beam,   is the spacing between the crystal planes, 
and   is the angle of the incident radiation. This is shown in Fig. 12, where the 
examination of the path difference between two diffracted incident rays shows that the 
difference must be equal to an integer, n, of one or more wavelengths to allow for 
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constructive interference. The use of this relationship allows for the collection of 
information on the spacing of atomic planes of a crystalline material which in turn leads 
to the identification of the crystal structure of the material. The plane spacing of a cubic 
material, for example, will relate to the lattice parameter through the following equation:   
     
 
√          
 
where      is the plane spacing,   is the lattice parameter, and       are the Miller 
indices representing a set of parallel planes within the crystal.  
X-rays are generated by an X-ray tube  containing a Cu target due to its short 
wavelength which allows for a relatively large range of atomic plane spacing values to be 
detected. Electrons are accelerated from a filament to collide with the target material. The 
kinetic energy of the electrons is converted to X-ray photons through the rapid 
deceleration of the electrons in the target known as bremsstrahlung. This process creates 
a continuous spectrum of X-rays with intense characteristic X-rays related to the target 
material. Electrons in the target are removed from their atoms and create holes in the 
inner K shell of the Cu target. Electrons from the L and M shell move to fill these holes, 
leading to the emission of the Kα ( = 0.1542nm) and Kβ ( = 0.1392nm) X-rays, 
respectively. As the probability of an electron from the L shell is higher than that of an M 
shell filling the hole in the K shell, the intensity of the Kβ X-ray line is about 15% that of 
the Kα emission. The Kα X-ray is actually composed of two separate characteristic X-
rays: Kα1 ( = 1.541Å) and Kα2 ( = 1.544Å). These two X-rays are a result of transitions 
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between different subshells within the L shell. As the wavelength difference between 
these two X-rays is only 0.003Å, it is not possible to resolve them. The emitted X-ray 
beam is collimated by thin slits which are comprised of closely spaced metal plates 
before irradiating the sample.  
 
Figure 12: Schematic representation of Bragg’s law relationship between incident and 
diffracted X-ray beams [32] 
An X-ray diffractogram is obtained by varying the incident angle θ of the X-ray 
beam onto the sample and simultaneously recording the diffraction intensity as a function 
of the diffraction angle 2θ. The collection of several diffraction peaks at specific values 
of 2θ will create a unique fingerprint for the sample that contains valuable information 
about its crystallographic structure.  
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In order to check for the presence of secondary phases and other analyses, the 
sintered pellets were crushed using an alumina pestle and mortar, for the XRD 
measurements. Samples were placed on a flat aluminum plate before being carefully 
leveled out to match the highest point of the plate. A thin polymer disk was used to help 
mount powder on the plate to the appropriate height as well as to avoid the presence of 
aluminum diffraction peaks. An amorphous contribution to the background noise can be 
detected in the diffractograms as a result of the presence of the polymer disks; however, 
the intensity of this contribution is negligible. Powder in aluminum sample holders were 
placed into the Rigaku Ultima IV X-ray diffractometer (Fig. 13) and irradiated with Cu 
K radiation.. In this work, the unfiltered X-ray line used had a dominant wavelength of 
1.542Å. Samples were scanned over values of 2θ between 10° and 60° at a rate of 1°/min 
with a step size of 0.01°. Collected diffractograms were matched against powder 
diffraction files (PDFs) that compose the database maintained by the International Centre 
for Diffraction Data (ICDD) by using the PDXL: Integrated X-ray powder diffraction 
software. Lattice parameter values were calculated using Bragg’s law and the relationship 
between the planar spacing and lattice parameter for a cubic material [32]. 
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Figure 13: Rigaku Ultima IV X-ray diffractometer 
 
2.2.2 – Scanning Electron Microscopy (SEM) 
A scanning electron microscope uses a focused beam of electrons to scan over the 
surface of a material to form an image and perform characterization. Chemical 
information about the subject material can be obtained by using other techniques in 
tandem with the microscope such as energy-dispersive X-ray spectroscopy (EDX) which 
will be discussed in the next section. Electron microscopes allow for the acquisition of 
images at much greater levels of magnification and higher resolution than conventional 
light microscopes. Higher resolutions are achievable due to the shorter wavelengths of 
the electrons used for illumination, about 10,000 times shorter than that of visible light, 
allowing for inspection of fine details in the microstructure of material.  
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The microscope is constituted of an electron gun followed by several 
electromagnetic lenses and apertures as seen in Fig. 14. The electron gun is composed of 
a cathode, a Wehnelt electrode, and anode. In a thermionic emission gun, such as the 
Hitachi S-3400 VP-SEM used in this work, a tungsten filament is used as the cathode in 
the electron gun. Able to withstand high temperatures for long periods of time without 
degrading, the tungsten filament is heated by an electric current. The high temperature 
allows for the electrons to achieve enough kinetic energy to overcome the work function 
and leave the material. These free electrons are then accelerated from the filament, or 
cathode, to the anode by a high electric voltage. The electric current, and thus the 
temperature of the tungsten filament, and the voltage used for the acceleration of the 
electrons determine the intensity of the beam produced. After being initially emitted from 
the heated cathode, electrons are accelerated by an electric field in the range of 1-40kV 
towards the anode. The Wehnelt electrode, placed in between the cathode and anode, acts 
to protect against fluctuations of the voltage by having a slightly negative bias when 
compared to the cathode ensuring that the beam current can be reduced if necessary. 
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Figure 14: Schematic of a scanning electron microscope [33] 
 
Unlike visible light microscopes, the lenses used in electron microscopes are not 
made of glass as they would not be able to deflect or focus a beam of electrons. Instead, 
electron microscope lenses correspond to electromagnetic fields generated by electric 
currents passing through a solenoid. This allows the magnification power of the 
electromagnetic lens to be easily changed by altering the electric current running through 
the solenoid.  The generated magnetic field is able to control the beam diameter as well 
as the angle that the beam converges on the surface of the specimen. In addition, a 
scanning electron microscope usually contains two condenser lenses to reduce the 
diameter of the electron beam together with a final objective lens to focus the beam to a 
nanometer scale diameter. Within the lens, an aperture acts to select and prevent the 
divergence of electron beams. The aperture is a metal foil with micron-sized orifice in the 
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center. The end result is a condensed beam of electrons that act as a fine probe on the 
surface of the material. 
The beam is deflected by the objective lenses to scan across the material to 
generate a rectangular shaped raster image of the specimen. The electrons are detected, 
amplified, and then reconstructed into an image. Each point in the area scanned on the 
specimen corresponds to a pixel on the connected display screen creating a point to point 
image. The magnification of the microscope is determined by the ratio of the size of the 
scanned site to that of the display. As the size of the scanned area can be greatly varied, 
magnifications of 20x to more than 100,000x are achievable. 
 
 
Figure 15: Hitachi S-3400 VP-SEM (left) and several ceramic samples placed on a 
multi-sample holder to be loaded into the vacuum chamber of the microscope 
 
Signal electrons are generated from both elastic and inelastic collisions of incident 
electrons on the surface of the specimen. Backscattered electrons are generated through 
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elastic scattering when atoms of the specimen scatter incident electrons which retain 
much of their initial energy, typically above 50 eV. Secondary electrons are generated 
during an inelastic scattering event when an incident electron imparts enough kinetic 
energy to the electron in the atom of the specimen for it to escape its orbital. The lower 
energy scattered electrons are only capable of escaping the specimen from shallow depths 
of 5-50nm below the sample surface, while the backscattered electrons with higher 
energy close to that of the incident electrons are able to escape from greater depths of 
about 50-300nm below the surface. Because of this, low energy electrons are useful for 
collecting topographical information while backscattered electrons are used for elemental 
composition analysis. Signal electrons are converted to photons by use of a scintillator 
which are then converted to an electrically signal by a photomultiplier tube or photodiode 
and displayed on screen. Common scintillators used for electron microscopy are 
Y3Al5O12:Ce (YAG:Ce; P46), Y2SiO5:Ce (YSO:Ce; P47), and YAlO3:Ce (YAP:Ce).   
Both LuAG:Pr calcined powder compacts and sintered ceramics were 
characterized using a Hitachi S-3400 variable pressure scanning electron microscope 
shown in Fig. 15. For the lowest sintering temperatures, a Hitachi S-4800 electron 
microscope that has higher resolution was used. Since this microscope operates at higher 
vacuum, it required coating the samples with a thin Pt conductive layer. Powder was 
pressed into small pellets using a KBr pellet press. Pellets were fixed in place on an 
aluminum stub with carbon tape. The stub holding the LuAG:Pr sample was placed into 
the vacuum chamber and sealed with vacuum set to 30Pa for the S-3400 microscope. A 
working distance of 10mm and accelerating voltage of 15kV (λelectrons= 0.01 nm) were 
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used. Images of the sintered ceramics were collected at different magnifications 
depending on the grain sizes of the sample.  
Average grain size was determined according to ASTM E 112-96 [34]. For a 
given sample, the calculated average grain size value reflects the average of the number 
of intercepts of ten lines drawn at random in five images recorded from different 
locations on the sample surface, all with the same magnification. An example of this can 
be seen in Fig. 16. In total, about 300 intercepts were counted for each sample. Once the 
average intercept number was determined, it was converted into length using the scale of 
the SEM image, and then multiplied by the factor 1.571, according to the 
tetrakaidecahedron shape model [35]. 
 
Figure 16: SEM image of LuAG:Pr ceramic sintered at 1700°C for 20hrs with test lines 
drawn for grain size analysis 
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2.2.3 – Energy Dispersive X-ray Spectroscopy (EDX) 
EDX is a method that uses characteristic X-rays emitted from the atoms of a 
sample irradiated by an electron beam to identify the chemical composition of the 
specimen. First commercially available in the early 1970s, EDX systems became popular 
due to their low cost and fast analysis time. EDX uses the energy of the emitted radiation 
to identify not only the elements present, but also their relative quantities. As the system 
uses the electron beam of a scanning electron microscope to excite the emission of the X-
rays, chemical compositions of microscopic areas can be obtained. 
Lithium-drifted silicon detectors, or Si(Li) diodes, are commonly used in an EDX 
system. While not used for general gamma-ray spectroscopy due to a low atomic number, 
silicon detectors can be used for the detection of lower energy X-rays. Collected X-rays 
generate electron-hole pairs in the material, with the amount of energy to create electron-
hole pairs in Si(Li) diode being about 3.8eV. Characteristic X-rays can be identified and 
separated by the number of pairs created, as higher energy photons will generate more 
pairs [36]. These detectors are operated at low temperatures using liquid nitrogen to 
reduce the amount of noise thus improving the energy resolution which is typically in the 
range of 150-200eV [7]. As detection of elements depends on the signal-to-noise ratio, 
longer dwell times are necessary to detect trace elements in order to have a significant 
number of counts from the characteristic X-rays. 
To reach the detector, the X-rays must pass through a window. As all materials 
absorb X-ray photons to some extent, this window is usually made from a light element 
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such as beryllium and is as thin as possible in order to maximize the chance of detecting 
lighter elements with low energy X-rays. It is not recommended to use EDX to detect 
elements lighter than oxygen, as these elements either do not emit characteristic X-rays or 
have energies too low to collect easily [36].    
Samples were prepared for SEM measurements as discussed in the previous 
chapter.  Using the Oxford software AZtec version 2.2, area scans were performed at 
random locations around the surface of the sample with results reflecting the average of 
three areas on each sample. The main goal was to determine the true concentration of the 
Pr dopant. Acquisition times of 60s were sufficient to detect the dopant in the 2% and 
higher nominal Pr concentration samples, while longer acquisition times of 600s were 
necessary to detect dopant in the 1% and 0.23% nominal Pr concentration samples. Even 
with the longer collection times, concentrations lower than 0.23% nominal were not able 
to be detected with certainty. The actual EDX-determined Pr concentration values in 
atomic percent were plotted as a function of the nominal Pr concentration, and a linear 
best-fit was extracted. The actual atomic percent Pr for the samples with lower Pr 
concentrations was determined based on the best-fit. 
 
2.2.4 – Density Measurements 
 The density of sintered LuAG:Pr ceramic bodies was determined using the 
Archimedes method. Samples were allowed to sit under vacuum in ultrapure water 
overnight to evacuate any gas from pores in the material before being weighed. Ceramic 
   
35 
 
bodies were weighed in a beaker filled with ultrapure water suspended over a scale as 
seen in Fig. 17. The average density value reflects the culmination of five separate 
measurements for each ceramic sample.  
 
Figure 17: Apparatus and scale used for density measurements by Archimedes method 
2.2.5 – Attenuated Total Reflectance Fourier Transform Spectroscopy (ATR-FTIR) 
Vibrational spectroscopy is used to analyze molecular structure by inducing and 
observing nuclear vibrations by way of electromagnetic radiation in the infrared range. 
Vibrational spectroscopy typically uses beams of infrared light with wavenumbers 
typically from 400 to 4000 cm
-1
. For temperatures above absolute zero, molecules in 
solids are constantly vibrating. These molecules can be modeled as spheres connected by 
massless springs vibrating harmonically. As the infrared light irradiates the sample, some 
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wavelengths of light are absorbed by the sample while others are transmitted. As energies 
of infrared light closely match the vibrational energies of molecules, molecular vibrations 
are detected when the molecule absorbs the infrared light at a specific wavelength. 
Fourier transform infrared (FTIR) is one of the most commonly used vibrational 
spectroscopy techniques for the characterization of materials. It can be used to analyze 
both organic and inorganic materials, but metallic materials cannot be examined as they 
tend to reflect infrared radiation. A Fourier transform method is used to simultaneously 
collect signal at all wavenumbers, making this technique much faster than the older 
dispersive method which collects signal for each wavenumber separately. 
An FTIR system is typically composed of an infrared light source, a Michelson 
interferometer, and a detector. The Michelson interferometer (Fig. 18) consists of a 
beam-splitter and two mirrors. The beam-splitter is typically designed as a thin layer of 
germanium sandwiched between two pieces of potassium bromide. The mechanically 
strong and optically transparent potassium bromide protects the germanium while still 
allowing light to travel through it. The germanium actually splits the beam of light with 
half of the beam transmitted through the splitter towards a stationary mirror and the other 
half directed towards a moving mirror. Both beams are reflected back towards the splitter 
where they reform into a single beam. Depending on the position of the non-stationary 
mirror, there will be varying amounts of interference. The resulting signal is known as an 
interferogram and contains information on all frequencies emitted from the infrared 
source. Before this signal can be interpreted, the interferogram must undergo a Fourier 
transformation by the software. 
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 The detector acts to convert the infrared signal to an electrical signal. While 
semiconductor detectors are more sensitive, thermal detectors are simpler and less 
expensive. A thermal detector consists of a pyroelectric crystal, usually deuterated 
tryglycine sulfate (DTGS), which experiences a temperature change from the infrared 
radiation resulting in a voltage drop across the material. DTGS operates well within the 
region of range of 4000cm
-1
 to 400cm
-1
 [37].   
 
Figure 18: Schematic of Michelson interferometer [37] 
 
Attenuated total reflectance Fourier transform infrared spectroscopy, or ATR-
FTIR, is a related vibrational spectroscopy technique especially useful for non-
transparent samples like powders or opaque ceramics. Light is reflected off of the surface 
of the material in contact with the ATR crystal window unlike standard transmission 
FTIR.  
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 ATR-FTIR measurements were conducted in single reflection mode using a 
Thermo-Scientific Nicolet 6700 FTIR spectrometer with an ATR attachment and 
diamond window plate as seen in Fig. 19. Samples were ground to a fine powder using an 
alumina mortar and pestle. Powder was placed onto the diamond window and secured to 
ensure good contact. The region from 400-4500 cm
-1
 was analyzed and 100 scans were 
collected for each measurement using the OMNIC software.  A background was collected 
at the beginning of the session which was automatically subtracted by the software. 
 
Figure 19: Thermo-Scientific Nicolet 6700 FTIR spectrometer with an ATR attachment 
and diamond window plate 
2.2.6 – Photoluminescence and Concentration Quenching 
 Luminescent materials are those solids that emit light at low temperatures, i.e., not 
related to blackbody radiation. Fluorescence is used to refer to the immediate release of 
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light from a luminescent material following irradiation, while phosphorescence refers to 
the slow conversion of the exciting energy to light which can take anywhere from 
microseconds to several days. While there are many different forms of luminescence 
which depend on the source of the excitation energy, photoluminescence is luminescence 
as a result of irradiation by photons in the ultraviolet or visible region of the light 
spectrum.  
 As seen in Fig. 2, the activator relaxes through a set of closely spaced energy 
levels to a lower state. These small transitions are nonradiative, instead transferring 
energy to the host through structural vibrations or phonons. Once at the lower energy 
level, the activator can relax to its original state again through the creations of phonons, 
i.e., nonradiative release of vibrational energy [38].  
 Fluorescence quenching occurs when a luminescent center has its ability to emit 
light reduced or hindered. Quenching does not occur from one single process, but can be 
caused by several processes that all compete with the emission of light. Common in many 
inorganic luminescent materials, concentration quenching can be observed in materials 
that provide good quantum yields up to a certain concentration of the activator where 
beyond this concentration, emission is quenched and less light is produced. This is due to 
energy transfer between the activators. The most common mechanisms of electronic 
energy transfer are the Coulomb (electrostatic) interaction, and the exchange interaction. 
In the case of Coulomb interaction, an excited electron in one activator interacts by 
means of an electric dipole with an electron in a lower energy state in another activator. 
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Through this interaction, that can happen at relatively large distances between the two 
activators (~3.5nm), the excited electron decays to the lower energy level transferring its 
energy to the electron in the other activator that is promoted to the excited state. In the 
case of exchange interaction, the overlap of the electronic distribution of the two 
activators at close proximity (less than ~1nm) allows the exchange of electrons from one 
activator to another, i.e., the electron in the excited state in activator 1 moves to the 
excited state of the neighboring activator 2 concomitant to the motion of an electron in 
the lower energy state from activator 2 to activator 1 [39]. 
Assuming the activator is homogeneously distributed throughout the sample, the 
probability of energy transfer increases along with the concentration of the activator to 
the point that energy transfer becomes the dominant process. From this critical activator 
concentration on, energy travels from one activator to another, percolating through the 
material. Eventually, it will be transferred to an activator in proximity with a defect 
where energy is lost non-radiatively. Consequently, beyond the critical concentration, 
luminescence output continuously decreases for higher activator concentrations. For this 
reason, the high purity of precursor powders used to fabricate ceramics and the reduction 
of defects is paramount towards producing an effective luminescent material [38]. 
 Photoluminescence measurements were conducted using a Horiba Jobin-Yvon 
Fluorolog Tau 3 Photoluminescence Spectrometer equipped with a Xenon lamp as seen 
in Fig. 20. Pressed powder compact pellets and sintered ceramic pellets were both 
measured with the sample holder set to 15° with the detector using the front facing 
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orientation. The spectrometer was equipped with double monochromators, one set to an 
excitation wavelength of 285nm while the other allowed analysis of the emitted light in 
the range of 295-500nm. Excitation and emission slits were set to 2 and 1nm respectively 
while using a step size of 1nm. An integration time of 0.1s was sufficient to yield a high 
signal-to-noise ratio. Photoluminescence measurement is not a quantitative technique per 
se. In order to obtain reliable intensity measurements, in addition to a reference, several 
samples from the same powder or sintering batch were measured and the spectra 
integrated. We report on the average integral value with the respective standard variation 
of the integral intensity. Little to no variation was observed for multiple runs of the same 
pellet without adjustment of the pellet geometry. Fig. 21 illustrates typical spectral 
variations observed for several different pellets of LuAG:Pr 0.092at.% ceramics sintered 
at 1500°C for 20hrs in air.  
 
Figure 20: Horiba Jobin-Yvon Fluorolog Tau 3 photoluminescence spectrometer (top) 
and sample stage holding a ceramic pellet 
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Figure 21: Several PL spectra for several separate pellets of LuAG:Pr 0.092 at.% 
ceramics sintered at 1500°C for 20hrs 
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Chapter 3 – Results & Discussion 
3.1 – Characterization of Powder and Ceramics 
 A schematic of the experimental procedure can be seen in Fig. 22. The calcined 
precursor powders were investigated using transmission electron microscopy (TEM). The 
nanosized particles were seen to be a conglomerate of fused, small crystals, as evidenced 
in Fig. 23. As shown in the highlighted regions, the crystallinity of the material was 
demonstrated by the presence of lattice fringes in the image. XRD results further attested 
to the crystalline nature of the powders through the presence of well-defined diffraction 
peaks and absence of any significant amorphous contribution. As seen in Fig. 24, the 
diffractograms were matched to PDF card no. 01-073-1368 confirming that the cubic 
garnet phase had been obtained in the calcined powders. The possibility of the formation 
of small amounts of the unwanted, secondary phases of Pr2O3 and PrAlO3 was 
investigated by performing detailed scans of 2 values within the region between 16° and 
36° where the most intense peaks of these secondary phases would be (PDF card no. 00-
047-1111 and 00-058-0796) . The presence of these secondary phases was not detected 
even for the sample with the highest Pr content, nominal x=0.05. 
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Figure 22: Schematic of experimental procedure 
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Figure 23: TEM image of LuAG:Pr calcined powder. The insets evidence the 
crystallinity of the powder by revealing the presence of crystalline fringes. 
 
 
Figure 24: Diffractogram of LuAG:Pr calcined powder matching to LuAG PDF card no. 
01-073-1368 (red) 
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 SEM/EDX was used to determine the chemical composition of the calcined 
powders. A typical EDX spectrum is displayed in Fig. 25 for nominal x = 0.05 with the 
inset highlighting the Pr L1+L2, L1, L2, and L1 emission lines from high to low 
energy resulting from the de-excitation of valence-shell electrons and the accompanying 
emission of characteristic X-rays induced by the electron beam of the microscope. The 
EDX-determined values of Pr at. % were plotted in Fig. 26 as a function of the nominal x 
Pr concentration to produce a linear correlation between the two values. EDX-determined 
values of Pr at. % were found to be about 20% higher than the calculated nominal at. % 
values with the highest concentration nominal x = 0.05 corresponding to 0.92 at. %. A 
linear best fit was used to determine the actual Pr at. % in samples with nominal x = 
0.001 and x = 0.05. We further report our results based on the Pr concentrations 
determined by SEM/EDX. 
 
Figure 25: EDX spectrum for LuAG:Pr 0.92 at. % nominal concentration with the inset 
highlighting the Pr L1+L2, L1, L2, and L1 lines from low to high energy 
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Figure 26: Linear relationship between the nominal x value concentration of Pr and the 
EDX-determined actual concentration in at. % 
 
ATR-FTIR was used to investigate the incorporation of Pr into the LuAG atomic 
network. As shown in Fig. 27, normalized spectra for the lowest and highest Pr 
concentrations, 0.018 and 0.92 at. % are displayed together. In agreement with values 
found in the literature for various rare earth aluminum garnets, three overlapping bands 
were found within the region from 600-900 cm
-1
, while five overlapping bands were 
found between 400 cm
-1
 and 600 cm
-1
 [40-42]. The vibrational modes within the ranges 
of 600-900 cm
-1
 and 450-600 cm
-1
 and located at about 420 cm
-1
 have been assigned to 
the asymmetrical stretching of the AlO4 tetrahedra, the bending motion of the AlO4 
tetrahedra, and the translation of the octahedral cation, respectively [42]. Like in similar 
rare earth doped aluminum garnet structures, in LuAG:Pr, Al is expected to occupy both 
tetrahedral and octahedral sites while the dodecahedral sites are occupied by both Lu and 
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Pr. As the average distance between the metal and oxygen atoms increases with 
increasing coordination number from tetrahedral to dodecahedral sites, it is suggested that 
the strength of the bond between the metal and oxygen atoms is decreasing [41]. By 
nature of the LuAG structure, the dodecahedral sites containing Lu or Pr share edges with 
the tetrahedral and octahedral sites containing Al. Since the larger dopant Pr atoms are 
filling in for Lu atoms in these dodecahedral sites within LuAG, some difference in unit 
cell volume is expected due to the difference in ionic radii of the two metal atoms. The 
ionic radii of the two metals Lu
3+
 and Pr
3+
 are 1.117 and 1.266 Å, respectively [43]. An 
increase in the unit cell volume can be inferred from XRD measurements since the lattice 
parameter increases from 11.903 to 11.917 Å for Pr concentrations from 0.018 to 0.92 
at.%. The presence of the larger Pr ions in the dodecahedral sites constrict the adjacent 
tetrahedral and octahedral sites occupied by Al, thus lowering the wavenumber of their 
vibrational modes. Fig. 27 illustrates this shift to lower wavenumbers as the concentration 
of Pr is increased from 0.018 to 0.92 at. %.  
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Figure 27: Observed shift of IR spectra to lower wavenumbers between the highest and 
lowest dopant concentrations 
 
The more tightly bonded tetrahedral units seem to be more affected by the 
presence of the larger ions than the octahedral and experience the most dramatic shift of 
observed vibrational modes. This would mean that the modes associated with the 
asymmetrical stretching of the AlO4 tetrahedra are more shifted than those related to the 
bending of the AlO4 tetrahedra. Meanwhile those vibrational modes associated with the 
even more loosely bonded octahedral sites remain unchanged. This shift to lower 
wavenumbers for the tetrahedral sites along with the more pronounced shift for those 
modes at higher wavenumbers can be seen in Fig. 28. As this result progresses as a 
function of Pr concentration, it can be stated that Pr is actually being incorporated into the 
atomic network of LuAG. 
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Figure 28: IR peak position as a function of dopant concentration showing an overall 
shift to lower wavenumbers with higher wavenumber modes being most affected 
 
3.2 – Investigation of Concentration Quenching 
 For these measurements, the calcined powders were pressed into 1cm diameter 
pellets pellets. Several photoluminescence emission spectra were collected for each Pr 
concentration and typical spectra can be seen in Fig. 29 as a function of photon energy. 
Two large overlapping bands were observed centered at 3.91 eV (320 nm) and 3.31 eV 
(370 nm) and were assigned to the 5d → 4f transition of the excited Pr3+ ion. A smaller, 
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less prominent band can be seen at 2.55 eV (487 nm) and has been attributed to the 
3
P0 
→ 3H4 transition of the Pr
3+
 ion [44]. A change in the relative intensity between the two 
bands located at 320 nm and 370 nm was observed. Shown in Fig. 30, the ratio of the 
integral intensities of the two bands, I320/I370, decreases with increasing concentrations of 
Pr. The ratio of the two bands at 320 nm and 370 nm was obtained by Gaussian 
deconvolution as seen in Fig. 29 where the blue dotted lines represent the two Gaussian 
curves and the red dashed lines represent the best fit obtained. The observed decrease in 
this intensity ratio has been accredited to the self-absorption of emitted light by the Pr
3+
 
ions [45]. 
 
Figure 29: Typical photoluminescence spectra for several concentrations of Pr (at. %) 
showing two bands at 320nm (3.91eV) and 370nm (3.31eV) 
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Figure 30: Reduction of intensity ratio I320/I370with increasing concentration of Pr 
attributed to self-absorption by Pr
3+
 ions 
 
The luminescence concentration quenching behavior of LuAG:Pr calcined pressed 
powder compacts is illustrated by Fig. 31(triangles) by plotting the integrated intensity of 
the photoluminescence emission as a function of the EDX-determined Pr concentrations 
expressed in at. %. Calcined powder doped with Pr concentrations between 0.18 and 0.33 
at. % produced the maximum emission brightness which agrees with previously found 
maximum dopant limits for single crystals [29, 30]. 
 The pressed pellets were subsequently sintered at 1500ºC for 20hrs in air. 
Photoluminescence measurements were performed on the sintered pellets and spectra 
similar to that displayed in Fig. 29 were obtained. The integral intensity was plotted as a 
function of Pr concentration in order to compare to the calcined powders as can be seen 
in Fig. 31(circles). The juxtaposition of the two sets of data exhibits a large enhancement 
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in intensity due to the sintering process. While the integral intensity compared to that of 
the calcined powder increased by more than a factor of two in some cases, the maximum 
point of the concentration quenching curve for the sintered ceramics shifted to lower 
concentrations of Pr between 0.018 and 0.18 at. %.  While the quenching concentration 
was lower than other reported values in the literature, this difference could be attributed 
to the range of different concentrations used in these investigations. In most of the works, 
only three or four different concentrations of Pr were used with a majority of the 
concentrations greater than or equal to 1 at.%. Operating with concentrations in this 
higher region where the Pr
3+
 emission is already considerably quenched, could create the 
appearance of the maximum of the quenching curve existing at higher concentrations of 
Pr [24, 46, 47]. 
 
Figure 31: Concentration quenching curves for calcined LuAG:Pr powder (triangles) and 
LuAG:Pr ceramics sintered at 1500°C for 20hrs 
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 Three representative concentrations of Pr were chosen to investigate the evolution 
of concentration quenching with respect to sintering time. Samples were sintered at 
1500ºC for up to 20hrs. As can be seen in Fig. 32, samples with very low or high 
concentrations of Pr show little difference in intensity, while the intermediate 
concentration shows a much larger variation in intensity values. From this, it can be 
inferred that shorter sintering times up to about 3-5hrs maximizes the light output of the 
ceramic, while times greater than about 3-5hrs progressively degrade the luminescence 
emission.   
 
Figure 32: Temporal evolution of concentration quenching for sintering times of up to 
20hrs at 1500°C 
 
   
55 
 
XRD was used to further investigate these results through the characterization of 
the microstructure of the material as a function of sintering time. Fig. 33 shows a selected 
region of a diffractogram for a 0.92 at. % Pr doped ceramic pellet sintered for 20hrs at 
1500ºC. All peaks were in agreement with PDF card no. 01-073-1368 as a match for 
LuAG except for a small peak at 2θ = 23.84º. This peak was assigned to PrAlO3 (101) in 
agreement with PDF card no. 00-058-0796 where 2θ(101) = 23.73º besides a small shift 
towards higher values of 2θ where (2θ) = 0.11o. This shift of diffraction peaks towards 
higher values of 2θ would suggest that the secondary phase, PrAlO3, is under 
compression. The relative intensities and positions of PrAlO3 peaks according to PDF 
card no. 00-058-0796 are shown in red at the bottom of the figure underneath the 
diffractogram. The three peaks from PrAlO3 between values of 2θ = 33º and 34º 
corresponding to the (200), (002) and (121) diffraction peaks, which also experience this 
high-angle shift, overlap with the much more intense LuAG (420) diffraction peak, 
however the PrAlO3 peaks can still be detected, as seen in the right inset of Fig. 33, as 
they contribute to the asymmetry of the (420) LuAG diffraction peak.  
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Figure 33: XRD investigation of the formation of the secondary phase PrAlO3 as a 
function of sintering time (left inset) and its contribution to the asymmetry of the LuAG 
(420) peak (right inset) 
 
The left inset of Fig. 33 shows the increase in intensity of the PrAlO3 (101) 
diffraction peak as a function of sintering time. These results show that the secondary 
PrAlO3 phase progressively forms with longer sintering times of the LuAG:Pr ceramic 
and is detectable for sintering times of 5hrs and higher. PrAlO3 has been noted in the 
literature as a possible sub-product in the growth of Czochralski-grown LuAG:Pr single 
crystals [29]. 
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3.3 – Investigation of Sintering Conditions on Ceramic LuAG:Pr 
In this work, LuAG:Pr ceramics doped with and EDX-determined Pr 
concentration of 0.18 at.% were sintered in air at temperatures from 1400 to 1700°C for 
20hrs (one-step method), and according to the two-step method. For the two-step 
sintering method, the sample is first heated up to the highest temperature and 
immediately allowed to naturally cool 100°C where it is maintained for 20hrs in air. The 
following temperature pairs were used: 1800/1700, 1700/1600, 1600/1500, and 
1500/1400°C. This method has been proposed to decouple densification and grain 
growth, and this decoupling has been observed for some materials [15, 34, 48]. It is used 
for the fabrication of LuAG:Pr for the first time in this work.  We note that results are 
presented as a function of sintering temperature. While this temperature is well-defined 
for the one-step method, this is not the case for the two-step method. However, since the 
sample remains for 20hrs at a given temperature (the lower temperature in the two-step 
method) in both cases, we will use this temperature to relate experimental results with 
sintering conditions. 
The density of ceramics sintered by both sintering techniques was determined 
according to Archimedes method. Table 1 presents the relative density results for both 
one-step and two-step sintering methods. It can be seen that the additional, short-term 
higher temperature step of the two-step method leads to higher densities than those 
obtained with the one-step sintering method alone.  
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Table 1: Comparison of density between one-step and two-step ceramic sintering 
techniques 
Sintering Temperature (°C) Average Relative Density (%) 
one-step two-step one-step two-step 
1400 1500/1400 57.1 ± 0.4 58.7 ± 0.1 
1500 1600/1500 67.4 ± 0.2 71.6 ± 0.4 
1600 1700/1600 81.3 ± 1.8 90.4 ± 2.3 
1700 1800/1700 93.2 ± 2.2 97.3 ± 0.2 
 
 
Average grain size measurements were based on SEM images according to 
ASTM E 112-96. Figures 34 and 35 show typical SEM images used in grain size 
calculation for samples fabricated using both one-step and two-step sintering methods, 
respectively. For the one-step method, the increase of the average grain size from 0.38 to 
1.9 m was observed from samples sintered from 1400°C to1700°C. These grain size 
values were found to be in agreement with those reported in the literature [27, 47, 49].  
For lower sintering temperatures, similar grain sizes were obtained for the two-step 
sintered samples. Decoupling of densification and grain growth only became evident for 
sintering temperatures starting around 1500°C.  Average grain size of 1.3µm was 
determined for the highest two-step temperature pair 1800/1700°C, a value that is about 
30% lower than that obtained from one-step sintering at 1700
o
C. The average grain size 
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was plotted as function of relative density in Fig. 36 illustrating the decoupling of 
densification and grain growth. This two-step method allows for further densification of 
the material without the excessive grain growth that usually accompanies higher 
temperature sintering. Importantly, the two-step sintering method carried out at 
1800/1700°C leads to the formation of dense ceramics, 97% of the theoretical density of 
LuAG, and opens the doors for the fabrication of transparent ceramics with HIP as an 
additional fabrication step.  
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Figure 34: SEM images of ceramics 
sintered by the one-step method with 
temperatures: A.) 1400°C, B) 1500°C, 
C) 1600°C, D) 1700°C.  
Figure 35: SEM images of ceramics 
sintered by the two-step method with 
temperatures: A.) 1500/1400°C, B) 
1600/1500°C, C) 1700/1600°C, D) 
1800/1700°
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Figure 36: Average grain size as a function of relative density of LuAG:Pr ceramic for 
both one-step and two-step sintering methods at various sintering temperatures, as 
indicated. Decoupling of densification and grain growth is apparent for relative densities 
above about 55%. 
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Photoluminescence measurements were performed as a function of sintering 
temperature for both one-step and two-step sintering methods. No major variation in the 
integral photoluminescence intensity was observed, as seen in Fig 37. The slight increase 
in intensity for the highest temperature is below the typical accuracy of this type of 
measurement, and may be coincidental. Radioluminescence (RL) measurements were 
attempted with the ceramic samples, but as they were not transparent, the amount of light 
emitted from surface of the samples alone was not bright enough to be able to be detected 
by the RL system. 
 
Figure 37: Photoluminescence integrated intensity comparison of one-step and two-step 
sintered LuAG:Pr ceramics 
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Chapter 4 – Conclusions and Future Work  
 (Lu1-xPrx)3Al5O12 powders and ceramic bodies with different Pr concentrations,  
from x = 0.0001 to x = 0.05 (0.018 at. % to 0.92 at. %), were successfully fabricated. 
SEM/EDX, FTIR, and XRD were used to confirm and quantify the incorporation of the 
dopant in the atomic network of the host.  
The luminescence concentration quenching of LuAG:Pr powders and ceramic 
bodies was estimated by means of photoluminescence measurements. The powders show 
maximum photoluminescence intensity at dopant concentration of 0.18-0.33 at.%. 
Sintering of the pressed powder compacts at 1500°C for 20hrs in air produced a 
substantial increase in luminescence intensity along with a shift of the maximum 
photoluminescence emission intensity to lower concentrations between 0.018 and 0.18 at. 
% Pr. XRD showed the progressive formation of the secondary phase PrAlO3 for 
sintering times greater than or equal to 5hrs concomitant with a reduction in 
luminescence intensity. For ceramics sintered at 1500°C and short sintering times up to 
about 3-5hrs, it was determined that photoluminescence emission intensity is maximized 
for Pr concentrations of about 0.33 at. %. 
For a single Pr concentration of 0.18 at.%, the fabrication of LuAG:Pr ceramic 
bodies was investigated as a function of the sintering conditions, including the 
conventional one-step and the two-step sintering methods. The increase of sintering 
temperature leads to the relaxation of compressive stress, though no major effect on 
photoluminescence intensity was observed. The two-step sintering method revealed 
   
64 
 
decoupling of densification and grain grown at sintering temperatures above about 
1500°C. For sintering conditions of 1800/1700°C, dense ceramics with 97 + 0.2% of the 
theoretical density were obtained.  
Further investigation of ceramic LuAG:Pr would include the production of 
optically transparent ceramic samples through further densification of the material by 
way of HIP, followed by detailed characterization of scintillation performance.  
 
 
 
 
 
 
 
 
 
 
 
   
65 
 
Literature Cited 
[1] P. Lecoq, A. Annenkov, A. Gektin, M. Korzhik, and C. Pedrini, "Scintillation and 
Inorganic Scintillators," in Inorganic Scintillators for Detector Systems, ed 
Netherlands: Springer, 2006, pp. 1-27. 
[2] W. R. Leo, "Techniques for Nuclear and Particle Physics Experiments," American 
Journal of Physics, vol. 58, p. 1216, 1990. 
[3] C. Greskovich and S. Duclos, "Ceramic Scintillators," Annu. Rev. Mater. Sci., vol. 
27, pp. 69-88, 1997. 
[4] S. E. Derenzo, M. J. Weber, E. Bourret-Courchesne, and M. K. Klintenberg, "The 
quest for the ideal inorganic scintillator," Nuclear Instruments and Methods in 
Physics Research A, vol. 505, pp. 111-117, 2003. 
[5] G. F. Knoll, "Radiation Interactions," in Radiation Detection and Measurement, 
4th ed: John Wiley and Sons, Inc., 2010, pp. 30-57. 
[6] A. Lempicki, A. J. Wojtowicz, and E. Berman, "Fundamental limits of scintillator 
performance," Nuclear Instruments & Methods in Physics Research Section a-
Accelerators Spectrometers Detectors and Associated Equipment, vol. 333, pp. 
304-311, 1993. 
[7] G. F. Knoll, "Scintillation Detector Principles," in Radiation Detection and 
Measurement, 4th ed: John Wiley and Sons, Inc., 2010, pp. 231-247. 
[8] A. Ikesue, T. Kinoshita, K. Kamata, and K. Yoshida, "Fabrication and optical-
properties of high-performance polycrystalline Nd-YAG ceramics for solid-state 
lasers," Journal of the American Ceramic Society, vol. 78, pp. 1033-1040, 1995. 
   
66 
 
[9] A. Ikesue, "Polycrystalline Nd : YAG ceramics lasers," Optical Materials, vol. 
19, pp. 183-187, 2002. 
[10] S. F. Wang, J. Zhang, D. W. Luo, F. Gu, D. Y. Tang, Z. L. Dong, et al., 
"Transparent ceramics: Processing, materials and applications," Progress in Solid 
State Chemistry, vol. 41, pp. 20-54, 2013. 
[11] C. B. Carter and M. G. Norton, "Interacting with and Generating Light," in 
Ceramic Materials Science and Engineering, 1st ed: Springer, 2007, pp. 575-597. 
[12] C. B. Carter and M. G. Norton, "Sintering and Grain Growth," in Ceramic 
Materials Science and Engineering, 1st ed: Springer, 2007, pp. 427-443. 
[13] Y. Shen, Y. Shi, X. Feng, Y. Pan, J. Li, Y. Zeng, et al., "The Harmful Effects of 
Sintering Aids in Pr:LuAG Optical Ceramic Scintillator," Journal of the American 
Ceramic Society, vol. 95, pp. 2130-2132, 2012. 
[14] Y. Shen, X. Feng, V. Babin, M. Nikl, A. Vedda, F. Moretti, et al., "Fabrication 
and scintillation properties of highly transparent Pr:LuAG ceramics using Sc,La-
based isovalent sintering aids," Ceramics International, vol. 39, pp. 5985-5990, 
2013. 
[15] M. N. Rahaman, "Grain Growth and Microstructure Control," in Ceramic 
Processing and Sintering, 2nd ed: Marcel Dekker, Inc., 2003; pp. 540-619. 
[16] I. W. Chen and X. H. Wang, "Sintering dense nanocrystalline ceramics without 
final-stage grain growth," Nature, vol. 404, pp. 168-171, 2000. 
   
67 
 
[17] D. A. Curano, C. D. Greskovich, and F. A. DiBianca, "Method for sintering high 
density yttria-gadolinia ceramic scintillators," United States Patent 4473513, 
1984. 
[18] Y. Ito, H. Yamada, M. Yoshida, H. Fujii, G. Toda, H. Takeuchi, et al., "Hot  
isostatic pressed Gd2O2S-Pr, Ce, F translucent scintillator ceramics for x-ray 
computed-tomography detectors," Japanese Journal of Applied Physics Part 2-
Letters, vol. 27, pp. L1371-L1373, 1988. 
[19] M. Yoshida, M. Nakagawa, H. Fujii, F. Kawaguchi, H. Yamada, Y. Ito, et al., 
"Application of Gd2O2S ceramic scintillator for x-ray solid-state detector in x-ray 
CT," Japanese Journal of Applied Physics Part 2-Letters, vol. 27, pp. L1572-
L1575, 1988. 
[20] D. A. Curano, C. D. Greskovich, and F. A. DiBianca, United States Patent 
4466930 
4518545, 1984. 
[21] E. Zych, C. Brecher, A. J. Wojtowicz, and H. Lingertat, "Luminescence 
properties of Ce-activated YAG optical ceramic scintillator materials," Journal of 
Luminescence, vol. 75, pp. 193-203, 1997. 
[22] H.-L. Li, X.-J. Liu, and L.-P. Huang, "Fabrication of Transparent Cerium-Doped 
Lutetium Aluminum Garnet (LuAG:Ce) Ceramics by a Solid-State Reaction 
Method," Journal of the American Ceramic Society, vol. 88, pp. 3226-3228, 2005. 
[23] H.-L. Li, X.-J. Liu, R.-J. Xie, Y. Zeng, and L. Ping Huang, "Fabrication of 
Transparent Cerium-Doped Lutetium Aluminum Garnet Ceramics by Co-
   
68 
 
Precipitation Routes," Journal of the American Ceramic Society, vol. 89, pp. 
2356-2358, 2006. 
[24] T. Yanagida, A. Fukabori, Y. Fujimoto, A. Ikesue, K. Kamada, J. Kataoka, et al., 
"Scintillation properties of transparent Lu3Al5O12 (LuAG) ceramics doped with 
different concentrations of Pr
3+
," Physica Status Solidi C: Current Topics in Solid 
State Physics, vol. 8, 2011. 
[25] L. Swiderski, M. Moszynski, A. Nassalski, A. Syntfeld-Kazuch, T. Szczesniak, K. 
Kamada, et al., "Scintillation Properties of Praseodymium Doped LuAG 
Scintillator Compared to Cerium Doped LuAG, LSO and LaBr3," IEEE 
Transactions on Nuclear Science, vol. 56, pp. 2499-2505, 2009. 
[26] T. Yanagida, A. Yoshikawa, A. Ikesue, K. Kamada, and Y. Yokota, "Basic 
Properties of Ceramic Pr:LuAG Scintillators," IEEE Transactions on Nuclear 
Science, vol. 56, pp. 2955-2959, 2009. 
[27] T. Yanagida, Y. Fujimoto, K. Kamada, D. Totsuka, H. Yagi, T. Yanagitani, et al., 
"Scintillation Properties of Transparent Ceramic Pr:LuAG for Different Pr 
Concentration," IEEE Transactions on Nuclear Science, vol. 59, pp. 2146-2151, 
2012. 
[28] H. Ogino, A. Yoshikawa, M. Nikl, A. Krasnikov, K. Kamada, and T. Fukuda, 
"Growth and scintillation properties of Pr-doped Lu3Al5O12 crystals," Journal of 
Crystal Growth, vol. 287, pp. 335-338, 2006. 
   
69 
 
[29] H. Ogino, A. Yoshikawa, M. Nikl, K. Kamada, and T. Fukuda, "Scintillation 
characteristics of Pr-doped Lu3Al5O12 single crystals," Journal of Crystal Growth, 
vol. 292, pp. 239-242, 2006. 
[30] T. Yanagida, M. Sato, K. Kamada, Y. Fujimoto, Y. Yokota, A. Yoshikawa, et al., 
"Optical properties and gamma-ray response of Czochralski grown Pr:Lu3Al5O12 
scintillating garnet crystals with different Pr content," Optical Materials, vol. 33, 
pp. 413-418, 2011. 
[31] B. L. Cushing, V. L. Kolesnichenko, and C. J. O'Connor, "Recent advances in the 
liquid-phase syntheses of inorganic nanoparticles," Chemical Reviews, vol. 104, 
pp. 3893-3946, 2004. 
[32] Y. Leng, "X-Ray Diffraction Methods," in Materials Characterization: 
Introduction to Microscopic and Spectroscopic Methods, 1st ed: John Wiley & 
Sons, 2008, pp. 45-76. 
[33] Y. Leng, "Scanning Electron Microscopy," in Materials Characterization: 
Introduction to Microscopic and Spectroscopic Methods, 1st ed: John Wiley & 
Sons, 2008, pp. 121-144. 
[34] K. Serivalsatit, B. Kokuoz, B. Yazgan-Kokuoz, M. Kennedy, and J. Ballato, 
"Synthesis, Processing, and Properties of Submicrometer-Grained Highly 
Transparent Yttria Ceramics," Journal of the American Ceramic Society,vol.93, 
pp.1320-1325, 2010. 
[35] M. I. Mendelson, "Average grain size in polycrystalline ceramics," Journal of the 
American Ceramic Society, vol. 52, pp. 443, 1969. 
   
70 
 
[36] Y. Leng, "X-Ray Spectroscopy for Elemental Analysis," in Materials 
Characterization: Introduction to Microscopic and Spectroscopic Methods, 1st 
ed: John Wiley & Sons, 2008, pp. 171-195. 
[37] Y. Leng, "Vibrational Spectroscopy for Molecular Analysis," in Materials 
Characterization: Introduction to Microscopic and Spectroscopic Methods, 1st 
ed: John Wiley & Sons, 2008, pp. 253-300. 
[38] R. Tilley, "Luminescence," in Colour and the Optical Properties of Materials, 
2nd ed: John Wiley & Sons, Ltd., 2011. 
[39] C. R. Ronda, "Emission and Excitation Mechanisms of Phosphors," in 
Luminescence: From Theory to Applications, 1st ed: Wiley-VCH, 2008, pp. 1-34. 
[40] K. Papagelis and S. Ves, "Infrared spectroscopy and lattice dynamical 
calculations of Gd3Al5O12, Tb3Al5O12 and Lu3Al5O12 single crystals," Journal of 
Physics and Chemistry of Solids, vol. 64, pp. 599-605, 2003. 
[41] K. Papagelis and S. Ves, "Vibrational properties of the rare earth aluminum 
garnets," Journal of Applied Physics, vol. 94, p. 6491, 2003. 
[42] A. M. Hofmeister and K. R. Campbell, "Infrared spectroscopy of yttrium 
aluminum, yttrium gallium, and yttrium iron garnets," Journal of Applied Physics, 
vol. 72, p. 638, 1992. 
[43] R. D. Shannon, "Revised effective ionic-radii and systematic studies of 
interatomic distances in halides and chalcogenides," Acta Crystallographica 
Section A, vol. 32, pp. 751-767, 1976. 
   
71 
 
[44] J. Pejchal, M. Nikl, E. Mihokova, J. A. Mares, A. Yoshikawa, H. Ogino, et al., 
"Pr
3+
-doped complex oxide single crystal scintillators," Journal of Physics D-
Applied Physics, vol. 42, p. 10, 2009. 
[45] W. Drozdowski, P. Dorenbos, R. Drozdowska, A. J. J. Bos, N. R. J. Poolton, M. 
Tonelli, et al., "Effect of Electron Traps on Scintillation of Praseodymium 
Activated Lu3Al5O12," IEEE Transactions on Nuclear Science, vol. 56, pp. 320-
327, 2009. 
[46] J. A. Mares, Y. Shi, M. Nikl, Y. Shen, Y. Pan, and X. Feng, "Scintillation 
properties of Pr
3+
-doped optical ceramic and single crystals of Lu3Al5O12," 11th 
Europhysical Conference on Defects in Insulating Materials (Eurodim 2010), vol. 
15, p. 6, 2010. 
[47] Y. Shi, M. Nikl, X. Feng, J. A. Mares, Y. Shen, A. Beitlerova, et al., 
"Microstructure, optical, and scintillation characteristics of Pr
3+
 doped Lu3Al5O12 
optical ceramics," Journal of Applied Physics, vol. 109, 2011. 
[48] K. Serivalsatit and J. Ballato, "Submicrometer Grain-Sized Transparent Erbium-
Doped Scandia Ceramics," Journal of the American Ceramic Society, vol. 93, pp. 
3657-3662, 2010. 
[49] W. H. Rhodes, Y. Wang, C. Brecher, and J. G. Baldoni, "Loss and Recovery of 
Transparency in Pressure-Consolidated Lu3Al5O12," Journal of the American 
Ceramic Society, vol. 94, pp. 3655-3658, 2011. 
 
